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Enhanced thermal stability and lifet ime of epoxy
nanocomposites using covalent ly funct ionalized
clay: experimental and modelling†
Omid Zabihi, Hamid Khayyam, Bronwyn L. Fox and Minoo Naebe*
The present work aims at finding a relationship between kinetic models of thermal degradation process with
the physiochemical structure of epoxy–clay nanocomposites in order to understand its service temperature.
In this work, two different types of modified clays, including clay modified with (3-aminopropyl)triethoxysilane
(APTES) and a commercial organoclay, were covalently and non-covalently incorporated into epoxy matrix,
respectively. The effect of different concentrations of silanized clay on thermal behaviour of epoxy
nanocomposites were first investigated in order to choose the optimum clay concentration. Afterwards,
thermal characteristics of the degradation process of epoxy nanocomposites were obtained by TGA analysis
and the results were employed to determine the kinetic parameters using model- free isoconversional and
model- fitting methods. The obtained kinetic parameters were used to model the entire degradation process.
The results showed that the incorporation of the different modified clay into epoxy matrix change the
mathematical model of the degradation process, associating with different orientations of clay into epoxy
matrix confirming by XRD results. The obtained models for each epoxy nanocomposite systems were used
to investigate the dependence of degradation rate and degradation time on temperature and conversion
degree. Our results provide an explanation as to how the life time of epoxy and its nanocomposites change
in a wide range of operating temperatures as a result of their structural changes.
1. Introduction
Knowledge concerning the long-term behavior of high-performance
polymers usually takes into account their industrial applications in
high temperature environments as the first requirement. Thus, the
decomposition study of polymers is momentous because it can
characterize the upper temperature limit and the lifetime of the
system.1–3 Modeling has extensively became an essential tool for
engineers to predict the thermal durability of their materials before
employing them in their industrial process, which leads to
significant reduction in product development costs.4,5 Nowadays,
competitive market needs to optimize manufacturing cost, time,
and quality. To do these, manufacturers should control and predict
variability of any product which relate to the desired outputs.4
Therefore, an accurate model, which relates process variables and
desired outputs, needs to be developed. Modeling is imperative
because it enables us to understand the product behavior and
determine the optimum operating conditions of the product for
a high yield, low cost, robust operation , and life time quality.6
The thermal degradation and decomposition of polymer nano-
composites are always complex topics involving the combined
effects of thermal, chemical and physical processes. In order to
track the thermal events occurring during the degradation
process, mechanistic studies on the reactions involved are not
usually feasible. Therefore, phenomenological studies are pre-
ferred to investigate the complex process of degradation.7,8 In
fact, following up the thermal events that occur during the
degradation process using TGA analysis can be used to effectively
simulate the thermal conditions in an industrial environment at
which a polymer composite is exposed to high temperatures.
Typically, modeling based on advanced kinetic analysis can pro-
vide reliable predictions on thermal events of degradation process.
Due to their light weight, low cost, high strength, and easy
processing, epoxy nanocomposites are used for diﬀ erent appli-
cations in various industries.9–11 The growing use of thermo-
setting epoxy nanocomposites requires knowledge of their thermal
properties in high temperatures to ensure proper performance.
When epoxy polymers are exposed to high temperatures the
organic matrix decomposes with a release of corrosive smoke,
heat and toxic dust.12–14 Therefore, it is necessary to improve
their thermal durability along with its mechanical and physical
properties. Polymeric composites reinforced with layered silicates
received increasing attention due to their improved properties in
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terms of modulus,15,16 toughness,17 fire resistance,18,19 and dimen-
sional stability.10,20 However, the intrinsic hydrophilicity of clay
makes its uniform dispersibility into epoxy matrix highly difficult.21
Therefore, to improve their interfacial interaction, the modification
of the clay by organophilic materials is inevitable. The effect of
different organic modifiers on the mechanical and physical proper-
ties, as well as thermal stability of epoxy polymers has been widely
reported.22–30
Despite the extensive literatures on the thermal and mecha-
nical properties of modified clay–epoxy nanocomposites, detailed
studies on the effects of surface modified clay on the change in
mechanism of the degradation process of epoxy nanocomposites
in relation with its structures are generally not available. In
addition, to the best of our knowledge there is no report available
in literature on the prediction of thermal durability during
degradation using kinetically modeling of the epoxy degradation
process. The aim of this study is to kinetically investigate the
thermal degradation process of epoxy nanocomposites contain-
ing different types of modified clay and to obtain its kinetic
parameters. Knowing kinetic parameters and thermal behavior
during degradation can be described as a phenomenological
process instead of mechanistic investigation. For this purpose,
the effect of different surface modifications of clay on degrada-
tion process was studied in order to understand the influence of
physiochemical structure of epoxy nanocomposites on degrada-
tion process. The main objective is to obtain an insight into the
effect of different structures and orientations of clay on the
mechanism of thermal degradation process, as well as thermal
durability of epoxy systems.
2. Experimental
2.1. Materials
Diglycidyl ether of bisphenol A (D.E.R 332) obtained from Sigma-
Aldrich with an epoxy equivalent weight of 175 g eq.1 was used as
epoxy polymer. Isophorone-diamine and (3-aminopropyl)tri-
ethoxysilane were purchased from Sigma and used as received.
The pristine clay was the sodium montmorillonite and the organo-
clay was a commercial product under the name of Nanomer I.28E
containing 25–30 wt% trimethyl stearyl ammonium, both were
supplied by Nanocor Co., USA. All the solvents used in this study
were of analytical grade.
2.2. Silanization of clay
Silanized clay was prepared according to the ‘‘slurry-compounding’’
process with some modifications.24 Typically, specific amount
of pristine clay was dispersed into 200 mL of DI water to form a
fine suspension, which was stirred for 2 h and sonicated for 1 h.
The suspension was poured into 200 mL of acetone and stirred
again for 1 h. The precipitate was filtered and washed with
acetone. The wet product was added to 50 mL of acetone to
form slurry. Then, 30% wt of (3-aminopropyl)triethoxysilane
(APTES) with respect to the pristine clay was added into the
slurry. The slurry was refluxed for 18 h at 70 1C and sonicated
for 1 h. To determine the grafting yield of APTES into clay,
slurry contain ing silanized clay was evaporated under vacuum
and dried for 24 h at 70 1C to obtain the silanized clay (s-clay).
2.3. Epoxy nanocomposites preparation
To prepare the epoxy nanocomposites containing silanized
clay, the slurry was mixed with specific quantities of epoxy
resin and mechanically stirred for 2 h at 60 1C and sonicated for
30 min. In a series of experiments, the amount of silanized clay
was chosen to be 0%, 0.5%, 1%, 2%, 5% and 10% of the total
mass of the compositions, and then acetone was evaporated by
drying in a vacuum oven for 24 h. Bulk samples of 1 g were
prepared and placed in a refrigerator prior to the DSC measure-
ments. For the TGA and XRD experiments, a stoichiometric
quantity of the isophorone-diamine as curing agent was added
and the mixture was stirred for 30 min at room temperature,
and then degassed under vacuum for 1 h. Finally, the mixture was
cured at 75 1C for 6 h and postcured at 120 1C for 1 h. Hereafter,
the nanocomposites prepared using the slurry-compounding
process were designated as epoxy–s-clay systems. Epoxy nano-
composite containing commercial organoclay was prepared
according to the procedure described below. 2% wt commercial
modified organoclay (o-clay) was added to the mixture of epoxy
resin , and then mechanically stirred for 2 h at 60 1C and
sonicated for 30 min. Afterwards, the same procedure men-
tioned above was applied to cure these epoxy systems, which
were designated as epoxy–o-clay systems.
2.4. Measurements
FTIR spectra were recorded by a FTIR spectrophotometer
(Bruker Optics) using the KBr method. Thermogravimetric
analyses were carried out using Perkin-Elmer TGAin the tempera-
ture range from 30 to 750 1C at the heating rate of 10 1C min1
under nitrogen atmosphere in order to evaluate the grafting yield
of APTES into clay. DSC measurements were performed using TA
Q200 DSC in high purity nitrogen atmosphere. The samples were
heated in the temperature range of 25 to 300 1C at the heating rate
of 10 1C min1. Each sample in the DSC experiments was repeated
three times and averaged to be used for further analysis. From the
exotherms obtained, the heat of reaction and the peak temperature
were also determined. A re-scan treatment at low heating rate of
2 1C min1 was used to estimate the glass transition temperature.
TGA tests of epoxy nanocomposites were operated in a dynamic
mode and the temperature range of the experiments was between
25 to 750 1C at the heating rates of 5, 10, 15, and 20 1C min1. The
sample mass was about 20 mg. XRD patterns were obtained
using a PANalytical X’Pert Pro Diﬀ ractometer with Cu Ka
radiation (l = 1.54184 Å), which was operated at 45 kV and
40 mA. Scans were acquired in continuous mode over a range of
2–101 (2y) with a step size of 0.033.
2.5. Theoretical background
The primary purpose of the kinetic analysis was to obtain the
kinetic triplet, including activation energy (E), pre-exponential
factor (A), and process model (f (a)). Recently, ICTAC Kinetics
Committee has reviewed the relationship between the theore-
tical degradation process and their mathematical models.31,32
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Generally, the rate of a solid-state process can be generally
expressed by:
Rate ¼
da
dt
¼ Af ðaÞe
E
RT (1)
where T is absolute temperature, R is the gas constant, and a is
the conversion degree. Table S1 (ESI†) shows the most frequently
used models for polymers according to the recommendations
of ICTAC Kinetics Committee.32 For TG measurements, a is
defined by:
a ¼
m0  mi
m0  mf
(2)
where m0, mf and mi are in itial, final and current sample mass
at temperature T, respectively.
If the temperature of the sample is changed by a controlled
and constant heating rate, b = dT/dt, the variation in the degree
of conversion could be analyzed as a function of temperature.
This temperature will be dependent on the time of heating.
Therefore, the reaction rate might be explained as:
da
dT
¼
A
b
e
E
RT f ðaÞ (3)
In tegration of eqn (3) from an initial temperature corre-
sponding to a null degree of conversion (T0) to the temperature
corresponding to its conversion (Ta) gives:32
gðaÞ¼
A
b
ðTa
0
e
E
RT dT (4)
where g(a) is the integral form of the reaction model gðaÞ¼ðÐa
0½f ðaÞ
1daÞand right side of eqn (4) is known as Arrhenius
integral or the temperature integral that has no analytical solution
but can be estimated by numerical methods.33 The temperature
in tegral
I ðE ; T Þ¼
ðTa
0
exp
E
RT
 
dT (5)
is determined by the Senum–Yang approximation , which gives
errors lower than 105% for x = 20:34
I E ; Tð Þ¼ T e
E
RT pðxÞ (6)
where x = E/RT and p(x) is as follows:
pðxÞ¼
x4 þ 18x3 þ 86x2 þ 96x
x4 þ 20x3 þ 120x2 þ 240x þ 120
(7)
Combination of eqn (5) and (6) with eqn (3) gives:
gðaÞ¼
A
b
T e
E
RT pðxÞ (8)
3. Results and discussion
3.1. Functionalization of clay
In order to confirm the in teraction of APTES with pristine clay,
FTIR experiments were performed. Fig. 1 shows FTIR spectra
of pristine clay and silanized clay, as well as pure APTES. As
shown in Fig. 1 and according to APTES molecular structure,
FTIR characteristic peaks for pure APTES are N–H stretching,
C–H stretching, as well as C–O, Si–C and Si–O bands. The FTIR
spectrum of pristine clay showed –OH stretching frequencies
at 3620 cm1, and broad bands at 3420 and 1635 cm 1 were
attributed to adsorbed water molecules. The strong broad band
in the range of 900–1100 cm1 was related to Si–O bonds. The
spectrum of silanized clay displayed the same pattern as that
of the pristine clay, except for some new bands appearing at
2950 cm 1 and 2880 cm 1 those were attributed to the C–H
asymmetric and symmetric stretching of methyl group, which
confirmed a successful reaction between APTES and clay. More-
over, peaks at 3300 cm1, 700 cm1 and 1440 cm1 correspond to
the N–H stretching, –CH bending vibrations and Si–C stretching
further supports the covalent bonding of APTES onto clay, which
was also observed in FTIR spectrum of pure APTES.
For better comparison of covalent bonding of APTES onto clay
with non-covalent modification of clay, a commercial modified
clay was selected. Most commercial modified clays were prepared
according to the ion exchange or electrostatic in teraction between
modifiers with clay, which are very weak bonds compared to
covalent bonds.28,29 Fig. 2 compares the dispersibility of s-clay
and o-clay with respect to pristine clay in a biphase solvent of
chloroform–water. The pristine clay has a strong hydrophilic
Fig. 1 FTIR spectra of pristine clay (a), s- clay (b) and pure APTES (c).
Fig. 2 Solubility profile of pristine clay (a), and o- clay (b), and s- clay (c) in
chloroform–water biphase after 10 min ultrasonication.
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inherent behavior, which is obvious in the Fig. 2a. After
silanization of clay, covalently grafted APTES, which has an
organophilic inherent behavior led to pulling down of the clay
in to the organophilic phase (chloroform) instead of remaining
in the hydrophilic phase (water). Moreover, after mixing o-clay
with the solvent, it was observed that its organo-modifier was
dissolved in organophilic phase, while the clay remained in
hydrophilic phase. This relies on the fact that interaction between
organo-modifier with clay is not as strong as the interaction
between APTES with clay because of its non-covalent bonds. In
other words, the presence of the s-clay in the organophilic phase
despite the hydrophilic nature of clay denotes strong attachment
of APTES to clay such that the organophilic nature of s-clay
system outweighs its hydrophilic nature.
TGA was performed on the samples to obtain an estimation
of grafting yield of APTES into the pristine clay. Typically, the
amount of grafted APTES can be calculated using the following
equation:35,36
Grafted amount mequiv: per gð Þ¼
1000DW
ð100  DW ÞM
(9)
where DW is percent of weight loss between 200 to 600 1C and
M is the molecular weight of APTES. The pristine clay showed
around 10% weight loss up to 750 1C, which can be assigned to
the loss of moisture and hydroxyl groups of clay, whereas 25%
of silanized clay was degraded at 750 1C (see Fig. S1, ESI†). The
weight loss between 200 1C and 600 1C was 17.24%. Using
eqn (9), the grafted amount of APTES was calculated to be
0.94 mequiv. per g of pristine clay. The grafting yield of silaniza-
tion process was calculated given that the initial concentration of
APTES used in the preparation of silanized clay was 3 g per 10 g
of pristine clay. Therefore, grafting yield of APTES into clay was
69.30%. The amount and grafting yield of APTES was slightly
higher than that reported in previous studies,35 which can be
attributed to the longer time and higher temperature of silani-
zation process, which suggests that the performed surface
modifications on ‘‘slurry-compounding’’ process were comple-
tely eﬀ ective in improving the grafting yield.
3.2. Optimized epoxy nanocomposite
The first stage of th is study involved the determination of the
optimum concentration of s-clay to prepare the epoxy nano-
composites. With th is aim, DSC and TGA experiments using
diﬀ erent percentages of s-clay (0%, 0.5%, 1%, 2%, 5% and 15%)
were carried out (see Fig. S2–S4, ESI†). Table 1 summarizes the
obtained thermal data for the different concentration of s-clay.
Generally, the total heat of reaction (DHT) of curing of epoxy
resin is associated with the epoxy groups and the amine groups
of curing agent. With the addition of s-clay into epoxy resin, two
competitive factors come into play and influence the DHT. The
first factor is the presence of amine groups of grafted APTES of
s-clay which contribute in the ring opening of epoxy groups,
resulting in an increase of DHT. The second factor involves the
effect of thermal barrier of clay on forming the epoxy matrix,
which has been well established in literature.37–39 As it can be
seen, lower levels of s-clay, up to 2%, significantly increase the
DHT of curing of epoxy nanocomposites due to the fact that the
contribution of the APTES amine groups is more effective than
the barrier effects of clay. At higher concentrations (i.e. 5% and
10%), the barrier effects outweigh the heat generated by the
reaction of APTES amine groups with epoxy rings, therefore
beyond 2% concentration , DHT decreases dramatically. In fact,
the concentration of 2% is in a balance between producing the
additional heat of reaction and thermal barrier effects. The
trend of changes of peak temperature of the curing reaction (Tp)
also supports our observations that for concentrations higher
than 2%, the Tp decreases due to increase in the presence of
amine groups upon increase in clay concentration. In other
words, curing reaction in the presence of high concentrations
of s-clay begins in lower temperatures but with lower DHT,
which demonstrates that some epoxy groups may have not
undergone the curing reaction, and consequently the epoxy
matrix is not fully cured. Moreover, as shown in Table 1, the
glass transition temperature (Tg) of the cured epoxy nano-
composites were higher than that of the pure epoxy system
and its value constantly increased up to the concentration of
2% and beyond it decreased. It may be indicated that at high
levels of the s-clay, the crosslink density will decrease owing to
the aggregation of clay and topological restrictions resulting in
lower values of reaction heat, as discussed above. The increase
in Tg of the epoxy nanocomposites contain ing low levels of
s-clay with respect to the pure epoxy could be attributed to the
decreased mobility of chain segments of epoxy resins because
of the strong interaction of APTES amine groups clay with epoxy
matrix with no topological restrictions. The increase in Tg with
increasing s-clay loading up to 2% indicates that the mobility of
the polymer chains has been reduced after introducing s-clay
into the epoxy matrix, suggesting that strong interfacial in ter-
actions could exist between s-clay and polymer molecules.
Moreover, the increase in Tg with increase in the loading of s-clay
up to 2% can be attributed to more covalent bonds between
amine groups on the s-clay with epoxy polymer that was due
to the substantial differences in the dispersion degree of low
levels of s-clay compared to the higher levels of s-clay.
To better understand the relation between DSC characteri-
stics and thermal stability using TGA data, it is important to
prove the eﬀ ect of diﬀ erent loadings of s-clay on thermal
stability of cured epoxy nanocomposites. As it can be seen from
Table 1, there was a constant increasing trend in the tempera-
ture corresponding to 5% weight loss, Tinitial, with increase in
Table 1 TGA and DSC measurements on the epoxy nanocomposites
having diﬀ erent values of s- clay
Characterization DSC results TGA results
S-clay (%)
DHT
(J g1) Tp (1C) Tg (1C)
Tinitial
(1C)
Tmax
(1C)
0 210  4.5 128.5  0.42 127.5  0.42 339.3 360.1
0.5 215  4.3 131.2  0.02 130.2  0.36 348.5 360.4
1 218  2.5 131.5  0.11 131.3  0.10 352.1 361.6
2 220  3.6 131.8  0.32 132.2  0.53 356.2 368.3
5 190  1.2 135.7  0.42 124.1  0.32 363.0 362.4
10 195  7.2 138.8  0.42 115.4  0.34 365.4 361.7
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the concentration of s-clay, which was rationally related to
thermal barrier eﬀ ects of s-clay. Therefore, Tinitial cannot be
meaningfully considered as a comparative factor to evaluate
the interaction of clay with epoxy matrix. Instead of Tinitial,
temperature corresponding to the maximum of TGA derivative,
Tmax, was considered as a substantial criterion, stemming from
the type of interaction between s-clay and polymer chains, as
well as the dispersion of s-clay into polymer matrix. Therefore,
as shown in Table 1, maximum of Tmax belongs to the concen-
tration of 2% s-clay. From the thermal analysis data, it can be
concluded that the best thermal properties was when 2% s-clay
is incorporated in to the epoxy matrix.
3.3. Thermal stability assessment
The TGA data of the pure epoxy, epoxy–s-clay, and epoxy–o-clay
were obtained at four different heating rates of 5, 10, 15, and
20 1C min1. Fig. S5 (ESI†) exhibits the curves of weight loss
against temperature at various heating rates for these systems.
The TGAcurves were analyzed by defining two parameters such
as Tinitial and Tmax. The results of TGA analysis are shown in
Table 2. As it can be seen, epoxy–s-clay system has higher Tinitial
and Tmax rather than the epoxy–o-clay and pure epoxy systems.
The plots of conversion and degradation rate versus temperature
for all three epoxy systems were generated in Fig. 3. It shows that a
specific conversion for epoxy–s-clay occurs at higher temperature
rather than the other epoxy systems. Moreover, the epoxy–s-clay
has the lower degradation rate in its Tmax rather than the
epoxy–o-clay and pure epoxy systems.
To remove the eﬀ ect of heating rates on thermal degrada-
tion, Tmax was taken for quantitative analysis. Fig. 4 presents
dependency of Tmax on heating rate for epoxy systems. The
correlation between Tmax and heating rate could be expressed
by the following equation:40
Tmax ¼ rb þ T 0max (10)
where T0max is the equilibrium peak thermal degradation tem-
perature by assuming that the heating rate equals 0 1C min1
and r is the rate constant. As shown in Fig. 3, T0m ax of filled
epoxy systems with clay were higher than that of the pure epoxy,
indicating that the presence of clay increased the thermal stability
of the composite. However, thermal stability of epoxy–s-clay was
higher than that of the epoxy–o-clay. To gain more insights about
the comparison of thermal stability of epoxy systems, Kissinger
method41 was utilized, in order to obtain the overall activation
energy for the entire thermal degradation process, because
it is independent of any pre-assumption about the thermal
degradation mechanism. This method relates the logarithm
of
b
Tmax2
with the inverse of Tmax according to the following
equation:
ln
b
Tmax2
 
¼ ln
AR
E
 

E
RTmax
(11)
Plotting ln
b
Tmax2
 
versus
1000
Tmax
gives a straight line from
which the E value can be determined using the slope. Fig. 4
presents the Kissinger plots for epoxy systems, and then E value
for each system was calculated and collected in Table 3. As it
can be seen form Table 3, the same trend of thermal stability
discussed above was observed for the obtained E values of
epoxy systems.
3.4. Degradation process modeling
According to eqn (1), in order to model the thermal events
during the degradation of pure epoxy, it is required to deter-
mine the accurate values of E, Aand f (a), so-called triple kinetic
analysis.31 The isoconversional methods to obtain the E value
aim to untangle complex and macroscopic kinetics into a
specific kinetics as a function of the degree of conversion. It
states that at a constant extent of conversion , the reaction rate
is a function of temperature only. Therefore, the isoconver-
sional methods require performing a series of experiments at
diﬀ erent heating rates and yield the values of eﬀ ective E as a
function of conversion. Analysis of the resulting E dependence
could provide important information about changes in the
reaction mechanism as a part of whole phenomenological
process, which is mathematically described by f (a). Rearrange-
ment of eqn (3) leads to the following equation , which is called
Friedman method:42
ln bi
da
dT
 
a;i
¼ ln Aa f ðaÞ½ 
Ea
RTa;i
 
(12)
The E corresponding to each a (Ea) was determined from the slope
of the plot of ln[bi(da/dT)a,i] versus 1/Ta, at a constant a value.
Table 2 TGA data of the thermal degradation at diﬀ erent heating rates
Heating rate
(1C min1)
Pure epoxy Epoxy–s-clay Epoxy–o-clay
Tinitial
(1C)
Tmax
(1C)
Tinitial
(1C)
Tmax
(1C)
Tinitial
(1C)
Tmax
(1C)
5 324.4 347.2 337.1 358.5 326.7 355.2
10 339.3 360.1 356.2 368.3 342.5 366.1
15 345.0 368.0 359.6 377.1 347.2 373.3
20 349.4 378.3 362.4 382.4 352.1 379.6
Fig. 3 Plots of da/dT and a as a function temperature for the thermal
degradation of the epoxy systems at the heating rate of 20 1C min1.
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Subscript i is the ordinal number of an experiment performed
at a given heating rate. This method is rather accurate because
it does not include any mathematical approximations. The
dependence of the obtained activation energies by Friedman
method on diﬀ erent conversions for three epoxy systems are
shown in Fig. 5 and its values along with the mean values are
presented in Table S2 (ESI†) and Table 3, respectively. As it can
be seen from Fig. 5, values of Ea were quasi-constant up to
a o 0.25 for both filled epoxy systems, while in the pure epoxy
system this quasi-constant remained by the end of degradation
process. At 0.50 4 a 4 0.25, values of Ea of both filled epoxy
systems showed a sudden increasing trend, attributed to the
presence of the organized clay structures, which can hinder the
chemical bonds breakage. Moreover, it shows that breaking
the chemical bonds in presence of s-clay due to the covalent
bonds of s-clay into polymer matrix requires more activation
energies compared to o-clay. Beyond a 4 0.50, Ea decreased
indicating that the organization and chemical bonds were
successively losing and less activation energies were required
for residual degradation process. Generally, these dependen-
cies of activation energy on each conversion will be used for the
determination of kinetic model because it was independent of
any preconception regarding the physico-chemical degradation
process.
If the activation energy value for each conversion is known
the kinetic model of the process can be found using the model-
fitting methods. The physico-chemical conversion function of
degradation process ( f (a)) can be determined using master-
plot method proposed by Criado et al.31,43,44 Master plots are
reference theoretical curves depending on the kinetic model
but completely independent of the kinetic parameters of the
process. The master-plot method is based on the comparison
of theoretical master plots, which are obtained for a wide
range of ideal kinetic models, with the experimental master
plots.31,45 Applying this method could lead to the selection of
the appropriate conversion model for the solid-state process
investigation.
By combining the eqn (1) and (9), an alternative kinetic
equation is obtained:
da
dt
¼
b
Tap xað Þ
f ðaÞgðaÞ (13)
After rearranging the eqn (13), the z(a) function is defined as:
zðaÞ¼ ½f ðaÞgðaÞtheoretical ¼
da
dt
 
a
Ta
b
p xað Þ
 
experimental
(14)
This equation can be used to obtain the master curves as a
function of the conversion corresponding to the diﬀ erent
Fig. 4 The plots of Tmax versus heating rates (left) and Kissinger plots (right) for the pure epoxy (a), epoxy– o- clay (b), and epoxy– s- clay (c) systems.
Table 3 Kinetic parameters obtained from TGA analysis for epoxy systems
System
E (kJ mol1)
(Kissinger)
Mean values of
E (kJ mol1)
(Friedman) log A f (a)
Pure epoxy 141.9 144.0 11.36 3(1  a)
[ln (1  a)]2/3
Epoxy–o-clay 164.3 161.1 13.75 2(1  a)1/2
Epoxy–s-clay 185.9 189.9 13.17 3(1  a)2/3
Fig. 5 Dependence of Ea on a for the pure epoxy (a), epoxy– o- clay (b),
and epoxy– s- clay (c) systems using Friedman method.
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models listed in Table S1 (ESI†). By comparing the theoretical
master plots with the experimental master plot, phenomeno-
logical model of degradation process can be easily and precisely
determined. The master curve plots of z(a) versus a for diﬀ erent
mechanisms according to the Criado method are illustrated in
Fig. 6. It clearly shows that the experimental data of z(a) of pure
epoxy, epoxy–s-clay and epoxy–o-clay are best fitted with
the A3, R3 and R2 master curves, respectively. The mathematical
expression of the obtained models is listed in Table 3. In the
case of pure epoxy, the obtained model was in agreement with
the previous reports, in which An models have been determined
as models for thermal degradation process46 and there was no
report to compare the obtained results for the epoxy nano-
composites containing clay. The Rn models were physically
considered as phase boundary controlled process models,
which indicate that the degradation process occurred rapidly
on the surface of the polymer. The process then advanced
inward, and the rate of degradation was controlled by the
resulting reaction interface progress toward the centre of the
polymer. This was attributed to the thermal barrier effect of clay
on polymer matrix in such a manner that the permeation of the
heat through the layered structures of epoxy nanocomposites
in to the center of the polymer matrix could be considered as
the rate-limiting step.
XRD data of epoxy nanocomposites can provide information
regarding the dispersion type of clay nanostructure into epoxy
matrix, which could be used to describe the degradation
process. Fig. 7 demonstrates XRD diﬀ ractograms of pure epoxy
and its nanocomposites. As shown, pure epoxy and epoxy–s-clay
show no peaks in their XRD patterns, while epoxy–o-clay
exhibited (001) and (002) basal peaks reflection at around 31
and 51(2y), which is in agreement with literature.22 The direct
comparison between the epoxy–o-clay and epoxy–s-clay shows
that the exfoliated clay structures into epoxy matrix can be
achieved by using s-clay (absence of XRD peaks due to nano-
layers disordering) in contrast to the o-clay, which induces the
formation of a highly ordered intercalated structure. Theoreti-
cally, the r values in eqn (10) indicate thermal diffusion rate
into epoxy matrix, affected by thermal barrier properties result-
ing from the type of dispersion of clay within epoxy matrix.
As shown, the epoxy–o-clay has the lower r value rather than
epoxy–s-clay, indicating that the heat diffusion with in epoxy–
o-clay is more difficult than the epoxy–s-clay. This finding is in
agreement with the order of Rn models for the filled epoxy
nanocomposites such that the order of Rn model in the epoxy–
o-clay becomes lower due to the more difficulty in heat diffu-
sion within epoxy–o-clay compared to that of epoxy–s-clay. The
order of the mathematical model is important due to the fact
that increasing the order leads to increasing degradation rate;
however, other kinetic parameters also affect the degradation
process rate. Based on the XRD results, Fig. 8 schematically
presents the in tercalated and exfoliated epoxy systems and its
relation with type permeation of the heat in to matrix, which
affects the degradation process.
The final kinetic parameter used to model the degradation
process is pre-exponential factor, which gives the known activation
Fig. 6 Comparison of master plots (lines) with experimental data (circles)
for the pure epoxy (a), epoxy– o- clay (b), and epoxy– s- clay (c) systems. Fig. 7 XRD diﬀ ractograms of pure epoxy (a), epoxy– s- nanoclay (b) and
epoxy– o- nanoclay (c) systems.
Fig. 8 Ideal scheme of degradation process propagation into the center
of epoxy– o- clay (left) and epoxy–s- clay (right) systems considering clays
dispersion and functionalization type.
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energy and the kinetic model, can be calculated according
to eqn (15).31
A ¼ 
bE
RTp2f 0 ap
 exp
E
RTp
 
(15)
where f 0(ap) is the diﬀ erential form of the kinetic model [df (a)/da],
and ap is the conversion corresponding to the Tmax. Accordingly,
the average values of Aare presented in Table 3. As it can be seen,
the A value of the filed epoxy systems were considerably higher
than that of pure epoxy because of the presence of clay into
epoxy matrix.
With the determination of the kinetic parameters, the degra-
dation rate equation for each epoxy systems can be obtained
with the replacement of its parameters into eqn (1), which are
presented in Table 4. Moreover, degradation time, ta, as func-
tions of a and T can be readily determined by eqn (16), which is
integral of eqn (1):31
ta ¼
gðaÞ
A exp Ea=RTð Þ
(16)
The obtained equations for the degradation time of the
epoxy systems are also listed in Table 4.
3.5. Interpretation of the thermal behaviour
One of the important applications of the equations listed in
Table 4 is to predict the usable maximum temperature, the
optimum processing temperature regions, and estimated life-
time of the epoxy systems. Moreover, these equations can be used
to interpret the thermal behavior of epoxy systems in relation
with its structures. Valuable information can be obtained from
analyzing the functions behavior of degradation rate and degra-
dation time in extended temperatures and conversions. For this
purpose, the logarithmic plots of degradation rate and time were
drawn as functions of T and a in Fig. 9. As it can be seen from
Fig. 9, the degradation rate of the epoxy system containing s-clay
was considerably lower than that of pure epoxy system by 1000 K,
as well as the o-clay by around 730 K in all conversions. For
temperatures higher than 730 K, the degradation rate of epoxy–
o-clay became gradually lower than that of the epoxy–s-clay
nanocomposites, which strongly depends on its conversion . As
the conversion progresses, the surface of the degradation rate
of epoxy–o-clay at higher temperatures will intersect the surface of
degradation rate of epoxy–s-clay. It is also interestingly observed
that the degradation rate of the pure epoxy system was lower than
that of the epoxy–o-clay up to 350 K, firmly depending on conver-
sion, and then as the temperature increased, the degradation rate
Table 4 Equations of degradation rate and degradation time as functions of conversion and temperature
System Equation of rate degradation Equation of degradation time
Pure epoxy
Rate ¼ 6:90  1011 exp 
17320
T
 
ð1  aÞ½ lnð1  aÞ2=3 ta ¼
½ lnð1  aÞ1=3
2:30  1011 exp 
17320
T
 
Epoxy–o-clay
Rate ¼ 3:01  1013 exp 
19376
T
 
ð1  aÞ1=2 ta ¼
1  ð1  aÞ1=2
1:50  1013 exp 
19376
T
 
Epoxy–s-clay
Rate ¼ 17:10  1013 exp 
22840
T
 
ð1  aÞ2=3 ta ¼
1  ð1  aÞ1=3
5:70  1013 exp 
22840
T
 
Fig. 9 3D plots of degradation rate (left) and degradation time (right) as functions of conversion and temperature for the pure epoxy (a), epoxy–o- clay
(b), and epoxy– s- clay (c) systems.
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of epoxy–o-clay became slower, to the point that it even became
slower than epoxy–s-clay at high temperatures. Because the
equations of degradation time is obtained from the integral of
degradation rate equations, the trend in changes of degradation
time as functions of temperature and conversion is the inverse of
changes of degradation rate as shown in Fig. 9. As it can be seen,
the degradation time of epoxy–s-nanoclay was higher than that of
the pure epoxy system and epoxy–o-nanoclay at all temperatures
and by around 640–870 K, respectively. Beyond this temperature
range, the degradation time of epoxy–s-clay decreased with
respect to the epoxy–o-clay. Additionally, the degradation time
of epoxy–o-clay at low temperatures was higher than that of the
pure epoxy systems only in the low conversions. In other words,
at a specific low temperature, more time was required for epoxy–
o-clay to reach a = 0.05 compared to pure epoxy system.
The lifetime is generally defined to be when the degree of
degradation reaches 5%.31 This characteristic of epoxy polymers
is in a direct relation with thermal durability and the perfor-
mance of epoxy. For the determination of lifetime of the epoxy
systems, a = 0.05 should be properly replaced in the equations of
degradation time. Fig. 10 illustrates logarithm curves of the
lifetime of the epoxy systems versus temperature. Interesting
findings can be observed from the comparison of changing the
trend of lifetime for the epoxy systems. As it can be seen, the
lifetime of epoxy–s-clay was higher than that of the epoxy–o-clay
by 640 K and after that lifetime of epoxy–o-clay exceeded the
lifetime of epoxy–s-clay. This indicates that at the high tempera-
tures, epoxy–o-clay has better thermal performance compared to
epoxy–s-clay. It was also observed that at low temperatures, the
lifetime of pure epoxy system was slightly lower than the epoxy–o-
clay and that its lifetime gradually became considerably shorter
as the temperature increases. In other words, the thermal dur-
ability of epoxy–s-clay at low and medium temperatures (below
640 K) was higher than that of epoxy–o-clay and it deteriorated at
high temperatures. This behavior at low temperatures may be
due to the additional time required to degrade the covalent
bonds of s-clay with epoxy matrix, in addition to the time for
the degradation of bonds of epoxy matrix itself. At high tempera-
tures, the dissociation of the covalent bonds of s-clay with epoxy
matrix became easier and the effect of thermal diffusion rate was
highlighted to determine the lifetime of epoxy systems, such that
the lifetime of epoxy–s-clay decreased at high temperatures
compared to epoxy–o-clay due to the lower thermal diffusion
rate of epoxy–o-clay. Based on the calculation presented above,
the lifetime of epoxy–s-clay, epoxy–o-clay, and pure epoxy systems
at 373 K was estimated to be 3.69  103, 7.50 and 1.94 years,
respectively.
4. Conclusions
In summary, we investigated the eﬀ ect of covalent and non-
covalent bonding of clay with epoxy matrix on thermal behavior
of epoxy and its nanocomposites. The higher values of DHT,
Tg and Tmax suggest that the best thermal properties were achieved
for epoxy nanocomposites containing 2% clay. Dependency of the
degradation activation energy of epoxy nanocomposites on con-
version degree confirmed that trend of activation energy did not
change because the same loading of clay has been incorporated
into epoxy matrix. Nevertheless, its values diﬀ ered due to the
covalent and non-covalent bonding of clay with epoxy matrix. The
Rn models with diﬀ erent orders, described as phase boundary
controlled reactions, were obtained for the kinetic model of
phenomenological degradation process of epoxy nanocompo-
sites using fitting method of Criado. According to the Rn model,
epoxy–o-clay showed higher order for degradation compared to
epoxy–s-clay. This was attributed to the more difficult heat diffusion
into epoxy–o-clay, which was due to the intercalation of o-clay into
epoxy matrix. This was in contrast with s-clay in which there were
more exfoliated regions in the structure. Investigation of lifetime
for epoxy and its nanocomposites revealed that for some applica-
tions where low to medium temperatures were required, the epoxy–
s-clay offered better thermal durability compared to epoxy–s-clay.
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